Aims/hypothesis The contribution of immune cells to the inflammasome that characterises type 2 diabetes mellitus and obesity is under intense research scrutiny. We hypothesised that early changes in glucose metabolism following gastric banding surgery may relate to systemic inflammation, particularly cell-mediated immunity. Methods Obese participants (BMI 43.4±4.9 kg/m 2 , n =15) with diabetes or impaired glucose tolerance (IGT) underwent laparoscopic adjustable gastric banding surgery. Measurements taken before, and at 2 and 12 weeks after surgery included: fasting glucose, glucose levels 2 h after a 75 g oral load, glucose incremental AUC, oral glucose insulin sensitivity index (OGIS), circulating immune cell numbers and activation, and adipokine levels. Subcutaneous and visceral adipose tissue were collected at surgery, and macrophage number and activation measured. Results There were significant reductions in fasting and 2 h glucose, as well as improved OGIS at 2 and 12 weeks. At 12 weeks, 80% of the diabetic participants reverted to normal glucose tolerance or IGT, and all IGT participants had normalised glucose tolerance. The 12 week fall in fasting glucose was significantly related to baseline lymphocyte and T lymphocyte numbers, and to granulocyte activation, but also to the magnitude of the 12 week reduction in lymphocyte and T lymphocyte numbers and TNF-α levels. In a model that explained 75% of the variance in the change in fasting glucose, the 12 week change in T lymphocytes was independently associated with the 12 week fall in fasting glucose. Conclusions/interpretation Rapid improvements in glucose metabolism after gastric banding surgery are related to reductions in circulating pro-inflammatory immune cells, specifically T lymphocytes. The contribution of immune cellmediated inflammation to glucose homeostasis in type 2 diabetes and its improvement after bariatric surgery require further investigation.
disease, cancer and death [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] . Data from recent randomised controlled studies demonstrate the superiority of bariatric surgery in inducing diabetes remission or optimising glucose control over standard medical intervention at 1 [11] and 2 [12, 13] years. Several randomised studies have also compared different bariatric approaches, with diabetes remission reported at 1 [11, 14] , 2 [13] and 4 [15] years. In these studies, rapid post-operative improvements in glucose metabolism were observed. Moreover, studies in type 2 diabetes have shown that bariatric surgery induces clinically meaningful improvements of cardiac risk factors [11] [12] [13] [14] [15] and vascular dysfunction [16] [17] [18] [19] . Diabetes-specific outcomes and remission following bariatric surgery have been reviewed elsewhere [20] .
Obesity-associated type 2 diabetes is characterised by lowgrade circulating and tissue-based inflammation, with evidence of increased levels of adipokines and of proinflammatory circulating and adipose tissue-based immune cells [21] . Inflammation interferes with insulin signalling and induces insulin resistance, a fundamental component of glucose regulation [21] . Circulating pro-inflammatory adipokines, which are reduced after bariatric surgery [22] [23] [24] , contribute to insulin resistance and predict incident diabetes [25, 26] .
Cell-mediated inflammation is also implicated in the inflammasome that characterises obesity. Our previous work has shown that the degree of insulin resistance in obesity is related to circulating numbers of a pro-inflammatory T lymphocyte subset, T helper-1 cells [27] . We have also found that energy intake restriction markedly diminished T helper-1 cell numbers and decreased cell surface expression of activation markers on granulocytes, monocytes and T lymphocytes [28] . In keeping with the notion that obesity-associated inflammation contributes to glucose dysregulation, we hypothesised that the degree of circulating and adipose tissue-based inflammation in obesity-associated type 2 diabetes and its dynamic response after bariatric surgery may be related to early improvements in glucose metabolism.
Methods
Participants We recruited 15 morbidly obese participants with type 2 diabetes or IGT from ambulatory diabetes or surgery clinics in a tertiary referral hospital. Inclusion criteria were age >18 years, BMI >35 kg/m 2 , and either type 2 diabetes or IGT. The study protocol was approved by the institutional research and ethics committee. The study was registered at www.clinicaltrials.gov (NCT00592735). Participants gave written informed consent.
According to patient history and an examination of the records, ten participants had had type 2 diabetes for at least 5 years. Five participants had IGT as determined by a 75 g OGTT; one of these reported a history of gestational diabetes. Medications were documented at each visit. Metformin was continued in diabetes participants, regardless of post-operative glucose levels.
Metabolic studies were performed following a 10 h overnight fast at baseline, and at 2 and 12 weeks after gastric banding surgery. All participants receiving glucose-lowering medications had withdrawn their glucose-lowering medications for 3 days prior to metabolic tests. Weight, waist and height were measured with the participant barefoot and in a hospital gown. BMI was calculated as weight/height×height (kg/m 2 ). Blood samples were taken for fasting glucose, insulin, adipokines, inflammatory markers and HbA 1c . A 75 g OGTT was performed at each visit (Carbotest 75 g per 300 ml; Lomb Scientific, Sydney, NSW, Australia), with blood samples collected at 0, 30, 60, 90 and 120 min. Consumption of the glucose load was supervised to ensure it was consumed within 120 s and not regurgitated.
Laboratory measures Plasma glucose was determined by the glucose oxidase method (YSI glucose analyser 2300 STAT PLUS 230V; YSI, Yellow Springs, OH, USA). Serum was stored (−80°C). Serum insulin was measured by radioimmunoassay (Linco Research, St Charles, MO, USA). Highsensitivity C-reactive protein (CRP) was measured by a high-sensitivity assay (Synchron LX System Chemistry Analyser; Beckman Coulter, Sydney, NSW, Australia). HbA 1c was measured by high-performance liquid chromatography (Pharmacia LKB Biotechnology, Uppsala, Sweden). Adiponectin was measured by radioimmunoassay (Linco Research), and IL-1β, IL-6 and TNFα by ELISA (R&D Systems, Minneapolis, MN, USA). All CVs were <5%.
Insulin sensitivity was estimated using the oral glucose insulin sensitivity index (OGIS) as described by Mari et al [29] and the calculator spreadsheet downloaded at http:// webmet.pd.cnr.it/ogis (last accessed 24 December 2012). Insulin secretion was estimated using insulin measures obtained during the OGTT, i.e. the insulinogenic index (Δinsulin 30 − 0:Δglucose 30 − 0) [30] and the insulin incremental AUC using the trapezoid rule.
Immune cell phenotyping Immune cells were measured as described previously [27, 28] . Fresh whole blood was collected at baseline and 12 weeks after surgery. T lymphocyte helper-1 and T lymphocyte helper-2 cell numbers were quantified by intracellular cytokine staining for interferon-gamma and IL-4, respectively (BD Biosciences Pharmingen, San Diego, CA, USA), as previously described by us [27, 28] . Immune cells were stained with fluorochrome-conjugated antibodies to the following cell surface markers: granulocyte CD66, monocyte CD11b and T lymphocyte CD25 (interleukin-2 receptor) (BD Biosciences Pharmingen); analyses were performed with argon and red diode lasers (excitation at 488 and 635 nm, respectively) (FACSCalibur; BD Biosciences), using CellQuest software (version 3.3; BD Biosciences Pharmingen) and FlowJo software (Version 7; Tree Star, Ashland, OR, USA) as previously described by us [27, 28] . Complete immune cell data were available for 13 participants; two participants missed these studies as the required instruments were not available on the study day.
Subcutaneous and visceral fat macrophage activation status Subcutaneous adipose tissue (SAT) and visceral adipose tissue (VAT) samples were collected at surgery from all participants, SAT from peri-umbilical depots and VAT from perigastric depots. Adipose tissue-based macrophages were separated as previously described [27, 28] . Briefly, adipose samples were immediately placed in warm physiological buffer (37°C, modified Krebs-Ringer phosphate buffer: 10 mmol/l CaCl 2 , 6 mmol/l Na 2 HPO 4 , 125 mmol/l HEPES, 12 mmol/l MgSO 4 , 4 mmol/l NaH 2 PO 4 , 1.2 mol/l NaCl, 60 mmol/l KCl, 3 g BSA and 0.09 g D -glucose in 100 ml H 2 O, pH 7.4). Samples were finely cut and digested for 30 min with collagenase IV (0.75 mg/ml) at 37°C. The stromovascular fraction (SVF) was separated from mature adipocytes by slow centrifugation (300 g). Samples were analysed by flow cytometry using a validated staining protocol to quantify distinct cell subsets and activation markers. Macrophages were stained for the monocyte/macrophage antigen CD14. Macrophage activation was determined by surface expression of CD11b [27, 28] .
Statistical analysis Data presented are mean ± SEM for comparisons between groups. Analyses were performed using SPSS (PASW Statistics, Chicago, IL, USA). The effect of bariatric surgery on variables at 2 and 12 weeks was examined by paired t tests for normally distributed variables and Wilcoxon's signed ranks tests for non-normally distributed variables. The effect of gastric banding on metabolic measures over time was also examined using repeated measures ANOVA. The associations between immune cell and inflammation measures and glucose metabolism were examined using linear regression analysis after data normalisation. Changes in fasting glucose from baseline were examined as absolute change, but also as the percentage change from baseline. Univariate model analysis was performed to examine the effect of immune cell and inflammation measures on the change in glucose levels, after transformation of non-normally distributed data. A value of p <0.05 was considered significant.
Results

Participant characteristics
The mean characteristics were: age 50.3±2.7 years (range 35-65); weight 127.5 kg (range 92.1-172.0); and BMI 43.4 kg/m 2 (range 35.1-50.8). Metabolic and lipid variables, and medication use at baseline and at 2 and 12 weeks after gastric banding are shown in Table 1 . There were significant reductions in weight, BMI, waist, systolic blood pressure, total cholesterol, LDL-cholesterol and triacylglycerol, and increases in HDL-cholesterol, accompanied by a reduction or cessation of sulfonylurea and antihypertensive and lipid-lowering medications.
Glucose metabolism, insulin secretion, insulin sensitivity and adipokines Significant reductions were observed for fasting glucose, 2 h glucose, HbA 1c , glucose incremental AUC and fasting insulin, accompanied by significant increases in insulin sensitivity (Table 1 , Fig. 1 ).
At 2 weeks after gastric banding, seven of ten diabetic participants had shifted to normal glucose tolerance or IGT, and eight of ten had remitted at 12 weeks. The two participants who did not remit at 12 weeks had been receiving maximal sulfonylurea doses and had the highest baseline HbA 1c levels (8.3% and 9.2% [67 and 77 mmol/mol]).
Insulin secretion assessed by the insulinogenic index and insulin incremental AUC did not significantly change ( Table 1 ). The effect of higher baseline insulin secretion on glycaemic responses after bariatric surgery was determined using regression analysis. Higher baseline insulin secretion was associated with a greater HbA 1c improvement at 12 weeks (insulinogenic index β=0.67, p =0.035; insulin incremental AUC β=0.67, p =0.035). Figure 2 shows changes in circulating adipokine levels at 2 and 12 weeks after bariatric surgery. IL-6 levels decreased at 2 weeks only. There was a non-significant trend towards increased adiponectin levels at 12 weeks (p =0.053). Fasting CRP, IL-1β and TNFα levels did not differ at 2 or 12 weeks after bariatric surgery.
Relationships to immune cell-mediated inflammation The relationships between baseline circulating and adipose tissue immune cell-mediated inflammation and improved fasting glucose at 12 weeks were examined. Relationships were found between higher baseline indices of immune cellmediated inflammation and greater absolute reduction in fasting glucose for lymphocyte numbers (β=−0.67, r 2 = 0.45, p =0.01), T lymphocyte numbers (β=−0.73, r 2 =0.52, p =0.005) and granulocyte cell surface expression of the activation marker CD66 (β=−0.69, r 2 =0.47, p =0.009). Similar results were found when the change in fasting glucose was expressed as percentage change (Fig. 3) .
The relationships between changes in circulating immune cell numbers and the fall in fasting glucose at 12 weeks were also examined. The absolute fall in fasting glucose was related to the reduction in numbers of lymphocytes (β=0.63, r 2 = 0.41, p =0.02) and T lymphocytes (β=0.73, r 2 =0.52, p = 0.005), and to the rise in anti-inflammatory T helper-2 A weak relationship of borderline significance was found between the fall in fasting glucose and the fall in TNFα levels (β=0.51, r 2 = 0.25, p =0.05). No relationship was found between the change in fasting glucose and adipose tissue macrophage numbers or activation (p >0.10; data not shown). Results were similar when the change in fasting glucose was expressed as percentage change (Fig. 3) . The relationship between the fall in fasting glucose and the fall in TNFα levels did not remain after Bonferroni's correction.
To examine for independence, the fall in fasting glucose at 12 weeks was examined in a model that included ΔT lymphocyte numbers and ΔTNFα levels, with baseline glucose status, age and sex as covariates. The model explained 75% of the variance in the fall in fasting glucose at 12 weeks (p =0.04); the fall in T lymphocytes was independently related (r 2 =0.63, p =0.01). To examine whether the observed metabolic improvement associated with T lymphocyte changes was independent of insulin secretion, the model was expanded to include baseline insulin secretion and the change in insulin secretion at 12 weeks. However, the model lost significance and the fall in T lymphocytes was no longer independently related.
The fall in glucose incremental AUC after bariatric surgery was also examined against changes in T lymphocyte numbers. A significant relationship was found between the reduction in glucose incremental AUC and the decline in circulating T lymphocytes (β=0.74, r 2 =0.55, p =0.010). The data were examined to determine whether immune cell-mediated inflammation was related to improved insulin secretion following gastric banding (Fig. 4) . Significant relationships were found between the improvement in insulin incremental AUC at 12 weeks and the reduction in immune cell-mediated inflammation as measured by the reduction in T lymphocyte numbers (β=0.68, p =0.021), the reduction in T lymphocyte surface expression of the IL-2 receptor (β=0.58, p =0.039), the reduction in granulocyte surface expression of the activation marker CD11b (β=0.60, p =0.029) and lower baseline VAT macrophage activation (β=0.67, p =0.033).
Improvements in OGIS after gastric banding were examined against changes in immune cell-mediated inflammation. The increase in insulin sensitivity at 12 weeks was related to the reduction in T lymphocyte numbers (β=−0.62, p =0.043) and to the reduction in T lymphocyte surface expression of IL-2 receptor (β=−0.60, p =0.031).
Relationships between baseline adipocyte monocyte activation and circulating immune cell profiles were examined. VAT monocyte CD11b expression was related to T helper-1 numbers at baseline (β=0.78, p =0.012) and to the reduction in T helper-1 numbers at 12 weeks (β=0.90, p =0.002).
Discussion
Bariatric surgery is a potent intervention, which improves type 2 diabetes and mitigates many of its adverse cardiometabolic risk factors, with proven efficacy over standard medical therapies in the treatment of obesity-related type 2 diabetes [11] [12] [13] . It is a useful in vivo human model for studying 'diabetes in reverse', and, as such, may provide insights into the pathogenesis of diabetes and its associated metabolic and inflammatory perturbations [31] .
This study reports the relationships between fasting and post-challenge glucose levels and circulating and adipose tissue-based inflammation in the early phase of weight loss when dynamic changes in glucose levels are described. This study found rapid improvements in fasting and post-challenge glucose levels in obesity-associated type 2 diabetes at 2 and 12 weeks after gastric banding, as has been observed for other bariatric interventions, including gastric bypass [32, 33] or biliopancreatic diversion [34] , but also with energy intake restriction by diet [35] . The magnitude of the fall in fasting glucose levels was greater in participants who at baseline had higher indices of circulating inflammation, specifically higher T lymphocyte numbers and higher granulocyte activation. The fall in fasting glucose at 12 weeks was also related to greater reductions in markers of cell-mediated inflammation, specifically the size of the reduction in numbers of circulating lymphocytes and T lymphocytes. The reduction in fasting glucose at 12 weeks was also related to the increase of an anti-inflammatory T lymphocyte subset, T helper-2 cells. Changes in insulin secretion were also related to reductions in measures of T lymphocyte inflammation. These results support links between changes in glucose metabolism and shifts in the inflammasome towards less cell-mediated inflammation following gastric banding surgery.
Our understanding of the contribution of T lymphocytes in the inflammasome of obesity and type 2 diabetes is growing. In animal models of obesity, adipose tissue macrophage infiltration, inflammation and the development of insulin resistance are preceded by and dependent upon prodromal adipose tissue infiltration by T lymphocytes [36, 37] . In addition to promoting macrophage-mediated inflammation, T lymphocyte sensing of nutrient excess promotes pro-inflammatory T cell phenotypes. Intracellular nutrient pathways have been shown to be master regulators of T lymphocytes, skewing towards pro-inflammatory phenotypes. In humans, T lymphocyte polarisation in obesity and obesity-associated diabetes has been described [27, 28, 38] , with higher circulating T helper-1 cells in some [27, 28] , but not all [38] studies. Circulating T helper-1 cell numbers have been found to be related to the degree of insulin resistance in humans [27] .
To our knowledge, no study has previously reported metabolic outcomes in relation to circulating and tissue-based immune cell phenotypes specifically in patients with glucose disorders. Energy intake restriction has been shown to repress circulating pro-inflammatory immune cell phenotypes in obesity (with reduced T helper-1 [28] lymphocytes or other [39] T lymphocyte subsets) and rheumatoid arthritis [40] . A longitudinal study of type 2 diabetes patients undergoing bariatric surgery showed that higher baseline leucocyte levels were associated with diabetes non-remission up to 45 months after surgery [41] . Our study builds on the published literature. We found that higher numbers of baseline lymphocytes and T lymphocytes were associated with greater early glucose responses after bariatric surgery. We also found that the size of the fasting glucose reduction was independently related to the concurrent fall in T lymphocytes. These novel findings support a potential role for T lymphocytes in the early recovery of fasting and post-challenge glucose levels after bariatric surgery in type 2 diabetes. Our analyses suggest that the association between improved fasting glucose and reduced T lymphocytes might be contingent on improved insulin secretion, since insulin has anti-inflammatory properties under usual circumstances. A causal relationship between reduced cellmediated inflammation and improved glucose variables could not be established by this observational study. Mechanistic studies in animal models are needed to clarify the associations between immune cells and glucose metabolism in the setting of restricted energy intake. It is plausible that energy intake restriction, with improved insulin secretion may mediate improved glucose levels and reduced immune cell-mediated inflammation.
Numerous studies have reported adipokine responses after bariatric surgery, but only a few have examined changes within 12 weeks of surgery. We found a transient reduction in IL-6 at 2 weeks and a trend towards increased adiponectin at 12 weeks, but no significant change in IL-1β or TNF-α, despite significant improvements in glucose levels. Adiponectin levels have been reported to be increased at 12 to 52 weeks after bariatric surgery [24, [42] [43] [44] , whereas IL-6 levels were decreased at 12 to 60 weeks [22, 24, 43, 45, 46] . Consistent with our findings here, no changes in TNF-α levels have been observed after bariatric surgery [24, 44, 45] . Differences between our findings and previous studies may be explained by the heterogeneity of cohorts, with variable numbers of participants with glucose disorders in other studies. The wide variations in selected cytokines seen in the current study may also have contributed to discrepant findings. Moreover, in the current study, cytokine measures at 2 weeks could have been confounded by post-operative inflammation. Overall, however, serum adipokine changes seem to occur by at least 12 weeks after bariatric surgery, perhaps reflecting changes in adipose mass rather than changes in response to nutrient flux. In contrast, alterations in cell-mediated inflammation occur early, as do changes in glucose metabolism.
Gastric banding is a more conservative form of bariatric surgery. This small study observed that the majority of participants with type 2 diabetes improved their glucose tolerance to normal or IGT by 12 weeks after surgery. There are no randomised studies of gastric banding in comparison with other bariatric surgery techniques in patients with diabetes, so comparisons of efficacy are lacking. One randomised study reported that gastric banding was superior to medical management in optimising glucose control in early type 2 diabetes at 24 months [12] . Two randomised studies compared other bariatric procedures and medical intervention [11, 13] . These studies showed that surgical intervention induced (strictly defined) target diabetes control or diabetes remission more frequently than did medical management [11, 13] . Gastric bypass, sleeve gastrectomy and biliopancreatic diversion were equally effective in achieving diabetes remission at 12 to 24 months [11, 13] , although greater weight loss was observed with biliopancreatic diversion than with the other surgical interventions [11, 13] . A compelling finding in each of these studies was that weight reduction was only relatively modest by the time marked improvements in glucose metabolism were observed. Other studies have also shown rapid improvements of glucose levels in diabetes following bariatric surgery or restriction of energy intake. For example, the Counterpoint study of dietary restriction in obesity-associated diabetes reported a normalisation of fasting glucose levels after 7 days of rigorous energy intake restriction [35] . A study of type 2 diabetes participants compared 4 days of restricted energy intake with the first 4 days after gastric bypass (the period in which a rapid improvement of diabetes is observed); the rapidity and degree of glucose improvement were contingent on the degree of energy intake restriction in both study arms [47] . The current study shows that early and substantive improvements in glucose tolerance are also possible after gastric banding. Together with the published literature, the findings of the current study support the notion that, as with strict restriction of energy intake, rapid early improvements in glucose levels in diabetes are possible across the range of bariatric approaches.
The strengths of this study include: (1) documentation of the early changes in fasting and post-challenge glucose levels; and (2) detailed phenotyping of the inflammasome after bariatric surgery, including detailed measures of circulating immune cells, adipose tissue macrophages and adipokines. Weaknesses include the observational nature of the study, and its use of indirect estimates of insulin sensitivity and insulin secretion. The models of insulin secretion used reflect not only insulin secretion, but also insulin clearance, which may also be increased after bariatric surgery. The small number of participants is also a potential weakness, raising the possibility of type 2 errors for negative findings. Our sample size was restricted due to the technically challenging and labourintensive studies of circulating and adipose tissue immune cells. Thus, this report could be seen as a pilot study, highlighting the link between lymphocyte-mediated inflammation and the recovery of glucose levels following bariatric surgery.
In summary, glucose tolerance improves by 2 weeks after gastric banding in obese participants with type 2 diabetes mellitus or IGT. Greater improvements in fasting and postchallenge glucose levels were evident in participants with greater reductions in immune cell-mediated inflammation. Given our current understanding of the role of T lymphocytes in the inflammasone of obesity and type 2 diabetes, future studies examining the interface between immunology and glucose metabolism are required.
